As(V) in Magnetite: Incorporation and Redistribution by Huhmann BL et al.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Newcastle University ePrints - eprint.ncl.ac.uk 
 
Huhmann BL, Neumann A, Boyanov MI, Kemner KM, Scherer MM.  
As(V) in Magnetite: Incorporation and Redistribution.  
Environmental Science: Processes and Impacts (2017) 
DOI: https://doi.org/10.1039/C7EM00237H  
 
 
Copyright: 
This is the authors’ accepted manuscript of an article that has been published in its final definitive form 
by the Royal Society of Chemistry, 2017. 
DOI link to article: 
https://doi.org/10.1039/C7EM00237H  
Date deposited:   
11/09/2017 
Embargo release date: 
05 September 2018  
 1 
As(V) in Magnetite: Incorporation and Redistribution 1 
Brittany L. Huhmann1,2#, Anke Neumann3#*, Maxim I. Boyanov4,5, Kenneth M. Kemner4, and 2 
Michelle M. Scherer1 3 
1Department of Civil and Environmental Engineering, University of Iowa, Iowa City, IA, 4 
52242, United States 5 
2Present Address: Department of Civil and Environmental Engineering, Massachusetts 6 
Institute of Technology, Cambridge, MA, 02139, United States 7 
3School of Engineering, Newcastle University, Newcastle upon Tyne, NE1 7RU, United 8 
Kingdom 9 
4Biosciences Division, Argonne National Laboratory, Argonne, IL, 60439, United States 10 
5Institute of Chemical Engineering, Bulgarian Academy of Sciences, Sofia 1113, Bulgaria 11 
#Author Contributions: Brittany Huhmann and Anke Neumann contributed equally to this 12 
work. 13 
*Corresponding Author: phone: +44 191 208 6406; email: anke.neumann@ncl.ac.uk 14 
Submitted to: Environmental Science: Processes and Impact. 15 
Environmental	impact	statement	 16 
We present evidence that coprecipitation with magnetite can sequester a high proportion of 17 
dissolved As(V) into the magnetite structure. Once incorporated into magnetite, As(V) could 18 
not be remobilized, neither in the absence nor in the presence of aqueous Fe(II), suggesting 19 
that magnetite is a stable sink for As(V). We also found that As(V) sorbed to pre-formed 20 
magnetite, in both the absence and presence of aqueous Fe(II), became increasingly 21 
incorporated over time and thus resistant to remobilization. Our results increase our 22 
understanding of how Fe minerals affect As mobility in natural systems. In addition, our 23 
results provide molecular-level insight needed for the development of iron oxide-based As 24 
removal technologies. 25 
Abstract 26 
Exposure to As in groundwater negatively impacts millions of people around the globe, and 27 
As mobility in groundwater is often controlled by Fe mineral dissolution and precipitation. 28 
Additionally, trace elements can be released from and incorporated into the structure of Fe 29 
oxides in the presence of dissolved Fe(II). The potential for As to redistribute between sorbed 30 
on the magnetite surface and incorporated in the magnetite structure, however, remains 31 
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unclear. In this study, we use selective chemical extraction and X-ray absorption 32 
spectroscopy (XAS) to distinguish magnetite-sorbed and incorporated As(V) and to provide 33 
evidence for As(V) incorporation during magnetite precipitation. While As in the As- 34 
magnetite coprecipitates did not redistribute between sorbed and incorporated over a 4 month 35 
period, a small, but measurable increase in incorporated As(V) of up to 13% was observed 36 
for sorbed As(V). We suggest that Fe(II)-catalyzed recrystallization of magnetite did not 37 
significantly influence the redistribution of sorbed As(V) because the extent of Fe atom 38 
exchange was small (~10%). In addition, the extent of As redistribution was the same in the 39 
absence and presence of added aqueous Fe(II), suggesting that aqueous Fe(II) had, overall, a 40 
minor effect on As redistribution for both coprecipitated and sorbed As(V). Our results 41 
suggest that coprecipitation of As(V) with magnetite and redistribution of As(V) sorbed on 42 
magnetite are potential pathways for irreversible As(V) uptake and sequestration. These 43 
pathways are likely to play a significant role in controlling As mobility in natural systems, 44 
during human-induced redox cycling of groundwater such as aquifer storage and recovery, as 45 
well as in iron oxide-based As removal systems. 46 
Introduction 47 
Geologic As contamination of groundwater is a concern in many regions of the world, 48 
where the use of As-contaminated water as a drinking water source is threatening human 49 
health. In addition, As-contaminated groundwater in these regions is often used for crop 50 
irrigation, which can result in As uptake by crops and decreases in crop yields, thus posing a 51 
threat to food security.1, 2 In Bangladesh alone, tens of millions of people have been exposed 52 
to As3 and have been affected by As poisoning.4 53 
Iron redox chemistry plays a key role in the environmental cycling of many elements, 54 
including As. Iron is the element which most strongly correlates with As in sediments, and 55 
As mobilization is frequently linked with the desorption/dissolution of As from iron oxides.5 56 
Additionally, As removal from drinking water, for example using electrocoagulation or zero- 57 
valent iron based filters, relies on the sequestration of As with Fe oxides,6-8 which might, in 58 
analogy to As mobilization in reducing aquifers, release some or all of the sequestered As 59 
over time. Although many different Fe oxides may form in the environment, only magnetite 60 
has been identified as an important sink for As in recent remediation approaches9, drinking 61 
water treatment systems10, and natural sediments.11 It is thus critical to better understand how 62 
magnetite, which was the predominant Fe oxide phase associated with As in iron-based filters 63 
in Bangladesh, remained the stable sink for As for time periods extending over several 64 
years.10 65 
Under reducing conditions, such as those found in groundwater in As-affected 66 
regions, aqueous Fe(II) is widely present and can interact with Fe oxides. In the presence of 67 
aqueous Fe(II), unstable Fe oxides such as lepidocrocite and ferrihydrite can transform to 68 
more stable Fe oxides such as magnetite and goethite12, 13 and stable Fe oxides can incorporate 69 
and release other elements. For example, Ni and Zn are released from goethite and hematite14 70 
and Mn is released from goethite15 in the presence of Fe(II). Furthermore, incorporation of Ni 71 
into hematite16 and Tc(IV) into goethite17 in the presence of Fe(II) has been suggested based 72 
on X-ray absorption spectroscopy (XAS) data. In contrast, XAS data suggest that As(V) 73 
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remained sorbed or precipitated as ferrous arsenate rather than being incorporated into 74 
goethite or hematite in the presence of Fe(II).18 Structural incorporation of As(V), however, 75 
has been found to occur during magnetite precipitation,19, 20 and during the reductive 76 
transformation of lepidocrocite and 2-line ferrihydrite to magnetite.20-22 It is currently 77 
unknown whether As, once incorporated into magnetite, remains stably bound within the 78 
magnetite structure or becomes remobilized as sorbed or aqueous As in the presence of 79 
aqueous Fe(II). Similarly, it is unclear whether As(V) sorbed to magnetite remains sorbed or 80 
can become redistributed over time. Recent work demonstrated that measurable dynamic Fe 81 
atom exchange occurs when magnetite is exposed to aqueous Fe(II),23, 24 which suggests the 82 
possibility for concomitant As(V) incorporation into the magnetite structure. 83 
In this study, we investigated the potential for As(V) incorporation into magnetite by 84 
coprecipitating magnetite with As(V) as well as reacting As(V) with pre-formed magnetite in 85 
the absence and presence of added Fe(II). We then validated and used sodium hydroxide 86 
extractions to distinguish between sorbed and incorporated As(V) and X-ray absorption 87 
spectroscopy to determine the As binding environment. In addition, we tested whether 88 
redistribution of sorbed and coprecipitated As(V) in our experiments was linked to previously 89 
observed Fe(II)-catalyzed magnetite recrystallization23 by measuring the extent of Fe atom 90 
exchange in 57Fe isotope enriched tracer experiments. 91 
 92 
Materials and Methods 93 
All experiments were carried out in an anaerobic chamber (N2/H2 of 93/7) with residual 94 
oxygen concentrations below 1 ppm. Solutions were purged with N2 for at least 2 h prior to 95 
transfer into the anaerobic chamber. Before use in any experimental procedure, solutions, 96 
glassware, plastics, and solids were equilibrated within the anaerobic chamber overnight. 97 
Mineral Synthesis and Characterization 98 
Magnetite batches were synthesized in an anaerobic chamber as previously 99 
described.25 Briefly, isotopically-normal Fe(II) and Fe(III) were combined at a 1:2 ratio in 100 
deionized water (added as FeCl2 and FeCl3٠6H2O, respectively) before raising the solution 101 
pH to 10-11 with NaOH. Magnetite precipitates were aged in anoxic suspension for 24 hours. 102 
For As-coprecipitated magnetite, As(V) was added before the pH was raised to begin 103 
magnetite precipitation, similar to the method described in Wang et al.20 Initial As:Fe mole 104 
ratios were between 0.001 and 0.01, which fall within the range of As:Fe ratios reported for 105 
naturally occurring Fe oxides (i.e., 2.4 × 10-6 to 9.0 × 10-2)3, 26, 27, and final As:Fe mole ratios 106 
measured by dissolution were 0.0005 and 0.0099. After synthesis, the magnetite was ground 107 
and sieved through a 150 micron sieve. XRD samples were prepared by mixing magnetite 108 
solids with a small amount of glycerol to prevent oxidation during the measurement. 109 
Magnetite was the only phase detected using pXRD (Figure S1). The stoichiometry of each 110 
batch was determined by dissolving pre-weighed samples in 5 M HCl in an anaerobic 111 
glovebox.28 Fe(II) and total Fe were measured colorimetrically using the 1,10-phenanthroline 112 
method, as previously described.25, 28 Mineral synthesis and characterization parameters can 113 
be found in Table S1. 114 
 115 
As(V) Extraction 116 
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An extraction protocol based on the high efficiency of hydroxide to desorb As(V) 117 
from Fe oxides29, 30 was adopted to differentiate between surface-bound and incorporated 118 
As(V) following precipitation of magnetite in the presence of As(V) and reaction of 119 
magnetite with As(V) in the presence and absence of aqueous Fe(II). To extract the sorbed 120 
As(V), 15 mg of magnetite was added to 15 mL of 1 M NaOH (giving a solid concentration 121 
of 1 g/L) in triplicate 30 mL Oak Ridge style centrifuge tube reactors. The reactors were 122 
allowed to react for 4 hours in the dark on a rotator in the anaerobic chamber. After the 123 
reaction, the centrifuge tubes were sealed with an O-ring and Teflon tape. The reactors were 124 
centrifuged outside the glovebox at 13,000 × g for 15 min and immediately returned to the 125 
glovebox. The supernatant was decanted off the pelleted magnetite and filtered through a 126 
0.22 μm filter. This was followed by a second, 20-hour extraction with 1 M NaOH, and the 127 
solution was again centrifuged and the aqueous phase decanted. The remaining solids were 128 
dissolved in 5 mL of 5 M HCl. 129 
Total Fe was measured by the 1,10-phenanthroline method31, 32 and showed that less 130 
than 1% of the Fe was extracted by the NaOH (data not shown). As(V) concentrations were 131 
measured on a Thermo Fisher Scientific X Series 2 Quadrupole Inductively Coupled Plasma- 132 
Mass Spectrometer (ICP-MS) with a glass concentric nebulizer and a HEPA filtered 133 
autosampler. The ICP-MS was operated in collision cell mode using 7% H2, 93% He 134 
(>99.996% pure) as collision cell gas with a flow rate of 4 mL min−1 to remove isobaric 135 
interferences. Specific isobaric interferences (40Ar35Cl with 75As) were monitored and 136 
generally low, and were corrected as suggested elsewhere.33, 34An internal standard (10 ppb of 137 
89Y) was used to correct instrument drift. 138 
 139 
Batch experiments 140 
Reactors were assembled in 30 mL Oak Ridge style centrifuge tubes and were 141 
allowed to react in the dark on a rotator in the anaerobic chamber. All experiments were 142 
conducted in triplicate, unless otherwise indicated. 143 
Adsorption isotherm of As(V) on magnetite 144 
An adsorption isotherm was constructed to determine when surface saturation was 145 
reached for As adsorption on magnetite at a pH value of 7.2. For each data point (single 146 
reactors), 15 mg of magnetite was added to 15 mL of 50 mM non-complexing MOPS (3-(N- 147 
morpholino)propanesulfonic acid, pKa 7.2035) buffer adjusted to pH 7.2 and was allowed to 148 
equilibrate for 24 hours, followed by As(V) addition at defined concentrations between 10 and 149 
1000 µM. After 24 hours, the reactors were centrifuged and the aqueous phase was decanted, 150 
filtered (0.22 µm nylon filter), and acidified with 50 μL of concentrated HCl. Arsenic 151 
concentrations in the aqueous phase were measured by ICP-MS, as described above. 152 
Sorption of As(V) to magnetite in the presence and absence of Fe(II) 153 
As(V) sorption to magnetite in the presence and absence of Fe(II) was monitored over 154 
time spans ranging from 30 minutes to 124 days. Reactors contained 15 mg magnetite pre- 155 
equilibrated in 15 mL of 50 mM non-complexing MOPS buffer (pH 7.2) for 24 hours and 156 
13.3 µM of As. The As concentration used in our experiment is 100-fold greater than the 157 
EPA’s drinking water standard of 0.133 µM, yet it is within the range of As concentrations 158 
observed in natural waters (>0.01 µM to <66.74 µM) und thus of environmental relevance.5 159 
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For selected reactors, 1 mM Fe(II) was added after equilibration with As (5 hours) and the pH 160 
was adjusted to 7.2. After predetermined time intervals, the reactors were centrifuged at 161 
13,000 × g for 15 min and the supernatant was decanted off the pelleted magnetite, filtered 162 
(0.22 μm nylon filter), and acidified. The magnetite was subjected to the NaOH extraction 163 
described above. Arsenic concentrations in all phases were measured by ICP-MS. 164 
Redistribution of As in magnetite coprecipitates in the presence and absence of Fe(II) 165 
Similar to the sorption experiments but in the absence of added aqueous As(V), As 166 
distribution in As-magnetite coprecipitates in the presence and absence of Fe(II) was 167 
monitored over time spans ranging from 5 to 123 days. Reactors comprised 15 mg of 168 
magnetite coprecipitated with As (As:Fe mole ratio of 0.01; freeze-dried, ground, and 169 
sieved), 15 mL of 50 mM non-complexing MOPS buffer (pH 7.2), and, for selected reactors, 170 
1 mM Fe(II) that was added after overnight equilibration. Centrifugation, extraction, and 171 
sample preparation and analysis were identical to the sorption experiments. 172 
Batch experiments for XAS analysis 173 
For XAS analysis of As(V) associated with magnetite, sorption experiments were 174 
conducted at a higher As(V) concentration of 2936 µM As(V) and a higher mass loading of 175 
150 mg magnetite, with all other conditions identical to the experimental setup described 176 
above. Experiments were run for 30 minutes to almost 8 days and were carried out in 177 
sextuplet reactors, which were split equally for subsequent XAS analysis and As(V) 178 
extraction. For XAS analysis, the magnetite from the three designated reactors was combined 179 
prior to analysis. 180 
 181 
X-ray Absorption Spectroscopy 182 
The oxidation state and binding environment of As in our samples was determined by 183 
using As K-edge (11,867 eV) x-ray absorption spectroscopy (XAS), which was carried out at 184 
the MR-CAT/EnviroCAT insertion device beamline (Sector 10, Advanced Photon Source).36 185 
Fluorescence-mode x-ray absorption near edge spectra (XANES) and extended x-ray 186 
absorption fine structure (EXAFS) spectra were collected from the adsorption and co- 187 
precipitation samples using an Ar-filled ionization chamber. The magnetite solids were 188 
separated by filtration through а 0.22 μm PTFE filter inside an anoxic glove box (Coy 189 
technologies, 5% H2/balance N2, Pd catalyst, O2 in the gas environment <1 ppm at all times) 190 
and the hydrated filter cake was sealed together with the membrane between sheets of Kapton 191 
film. Reference minerals scorodite and symplesite as well as the sorption samples run for 30 192 
minutes and in the presence of added aqueous Fe(II) were dried over desiccant in the 193 
glovebox and measured as powders packed in a holder. Spectra were collected at room 194 
temperature inside a N2-purged sample cell. Anoxic integrity of samples prepared this way 195 
have been demonstrated in previous work.37 Energy calibration was established by collecting 196 
a spectrum from a Au foil and setting the inflection point at 11,919 eV. Calibration was 197 
maintained continuously afterwards by measurements of spectra from a stable As reference 198 
(As2O3) simultaneously with the collection of data from the samples. Radiation-induced 199 
changes in the speciation of As were not observed in quick XANES scans (<30 sec each) on a 200 
fresh area of the samples. No differences were observed between spectra collected from 201 
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several different areas on the sample so all scans were combined to produce the final 202 
spectrum from each sample.  203 
Analysis of the experimental spectra involved comparisons to As standards followed 204 
by structural modeling of the data to extract the structural parameters describing the average 205 
atomic coordination around As. Standards included polycrystalline scorodite (FeAsO4·2H2O), 206 
polycrystalline symplesite (FeII3(AsO4)2⦁8(H2O)) (both verified by p-XRD, Figure S1), 207 
dissolved As(V) (10 mM AsO43- solution at pH 7), and polycrystalline As2O3 as the As(III) 208 
standard (obtained from Sigma-Aldrich). The polycrystalline As powders were mounted on 209 
the adhesive side of Kapton tape and their absorption spectra were measured in transmission 210 
mode. The solution standard was mounted in a 1.5 mm thick sample holder with Kapton 211 
windows and the spectrum was measured in fluorescence. Normalization and background 212 
removal of the data was accomplished using the program AUTOBK.38 The structural analyses 213 
of the spectra are based on the crystal structure of scorodite. 39 The code FEFF8 40 was used to 214 
generate the single-scattering contributions in the EXAFS for the O and Fe coordination 215 
shells in scorodite. Refinement of the structural parameters against the experimental data was 216 
done in R-space using the program FEFFIT.41 217 
 218 
Iron Atom Exchange Experiments  219 
To determine the extent of Fe(II)-catalyzed magnetite recrystallization in the presence 220 
of sorbed and coprecipitated As(V), we carried out isotope exchange experiments using 221 
aqueous Fe(II) enriched in the 57Fe isotope. This approach has been applied to magnetite 222 
previously and is documented in detail elsewhere.23 In short, 15 mg magnetite with Fe in its 223 
natural isotope composition were exposed to 1 mM 57Fe(II) in 15 mL of 50 mM non- 224 
complexing MOPS buffer (pH 7.2). After 10 min to 7 days reaction time, the triplicate 225 
reactors were centrifuged and the aqueous phase decanted, filtered (0.22 µm nylon filter), and 226 
acidified with 50 μL of concentrated HCl. The magnetite solids were dissolved in 5 mL of 5 227 
M HCl. In experiments with sorbed As(V), the magnetite was first equilibrated with the 228 
MOPS solution overnight, then As(V) was added and allowed to adsorb to the mineral for at 229 
least 5 hours, before the 57Fe(II) was added to start the experiment.   230 
After each experiment was completed, aqueous Fe and solid Fe were analyzed for 231 
Fe(II) and Fe(total) using the 1,10-phenanthroline method.31, 32 The Fe isotope composition 232 
was analyzed using ICP-MS as described previously.23, 24, 42, 43 To calculate the extent of Fe 233 
atom exchange, we applied the same approach as reported previously24, 44 and described in 234 
short in the Electronic supplementary information (ESI). We are using only aqueous phase Fe 235 
isotope data to calculate the extent of Fe atom exchange because Fe(II) sorption to magnetite 236 
biases the solid phase isotope composition and results in an overestimation of the extent of Fe 237 
atom exchange.15, 23, 45, 46 Particle sizes of magnetite were measured before and after Fe atom 238 
exchange reactions using transmission electron microscopy (TEM) and are reported in Table 239 
S2. 240 
  241 
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 242 
RESULTS AND DISCUSSION 243 
 Characterization of As(V) coprecipitated with and sorbed to magnetite. To 244 
evaluate how As binds to magnetite when it is coprecipitated compared to when it sorbs to 245 
magnetite, we used wet chemical extractions and As K-edge X-ray absorption spectroscopy 246 
(XAS). Here, we compare As-magnetite coprecipitates with pre-synthesized magnetite that 247 
was exposed to As(V)-containing solution at the same As:Fe mole ratio for 30 minutes.  248 
We first confirmed that wet chemical extraction with NaOH selectively removes 249 
sorbed As as has been previously suggested.29, 30 We extracted both As sorbed on magnetite, 250 
as well as As coprecipitated with magnetite (final As:Fe ratio of 0.0005, Table S1) with 251 
NaOH. We found that NaOH extracted 97±11% of the sorbed As compared to only 29±3% of 252 
the coprecipitated As (Figure 1). Complete dissolution of the magnetite recovered an 253 
additional 4±1% of the sorbed and 68±9% of the coprecipitated As, resulting in near 254 
complete As mass balance (99 and 100%, respectively). We obtained similar results using a 255 
higher As:Fe ratio (0.0099) where more than 90% of sorbed As(V) was extracted with NaOH 256 
and two thirds of the As remained in the coprecipitated magnetite (Figure S2). In both cases, 257 
total As recoveries were greater than 90% (Table S3). Note that our NaOH extraction 258 
resulted in almost double the amount of As incorporation previously derived from X-ray 259 
absorption spectra of coprecipitates with the same As:Fe ratio.20 Our results indicate that 260 
extracting with NaOH recovers only sorbed As and can thus be used to distinguish between 261 
sorbed As and incorporated As. The results also suggest that up to 29% of the As in the 262 
coprecipitate were surface bound rather than incorporated. 263 
To directly probe changes in As speciation before and after NaOH extraction, we 264 
collected As K-edge X-ray absorption (XAS) spectra for both coprecipitated and sorbed 265 
samples. For a qualitative evaluation, we compared the X-ray absorption near edge structure 266 
(XANES) (Figure 2; see Figure S4 for the derivative spectra). The XANES spectra of the 267 
As-magnetite coprecipitate before and after extraction are highly similar, suggesting that the 268 
average As speciation remained the same after extraction (Figure 2, middle panel). The 269 
spectra show a shoulder at the rise of the edge, which is not observed in the adsorption 270 
sample and suggests that it may be due to incorporated As. The shoulder increased slightly 271 
after extraction (arrow d), suggesting a larger contribution of incorporated As(V) to the total 272 
spectrum and thus that the NaOH extraction removed predominantly the small fraction of 273 
sorbed As(V). 274 
In contrast, the XANES spectra of sorbed As(V) before and after NaOH extraction 275 
differed significantly, particularly in the edge-rise region (arrow e in Figure 2, lower panel). 276 
Both wet chemical analysis (Table S4) and As fluorescence intensity (21 times smaller than 277 
before extraction, data not shown) suggest that only 2-5% of the initially added As(V) 278 
remained in the solid sample after NaOH extraction. Because of the low As content 279 
remaining, the EXAFS spectrum of the extracted solids has an insufficient signal-to-noise 280 
ratio for structural analysis (Figure S3). The marked decrease in As Kα fluorescence intensity 281 
and the observed differences in the XANES spectrum before and after extraction of the 282 
sorbed As provide further evidence to support NaOH extraction as an effective extractant for 283 
sorbed As(V).  284 
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We further compared the coprecipitated and sorbed As samples to several As 285 
reference materials including aqueous As(V) and the Fe-As(V) minerals scorodite and 286 
symplesite. The XANES spectra of the As magnetite samples and the As(V) references 287 
(Figure 2, top panel) all show an edge position (arrow a) and first major peak (white line, 288 
arrow b) at the same photon energy of 11,874 eV, indicative of As(V) being present in the 289 
samples. Sorbed As(V) and all As(V) reference materials exhibit similar spectral features in 290 
the pre-edge and absorption edge region (arrows a and b, respectively), indicating that As(V) 291 
was the predominant valence state in the samples and that As(V) reduction did not occur in 292 
reactions with pre-formed magnetite under the conditions of our study. Significant 293 
differences in the post-edge spectral region for sorbed As(V) and the As(V) standards, 294 
however, indicate the As(V) bonding in the sorbed samples is different than in aqueous As or 295 
the Fe-As minerals (arrows c in Figure 2). Because the hydration shells of a dissolved and an 296 
outer-sphere sorbed ion are the same and should therefore produce a similar spectrum, the 297 
significant spectral differences between magnetite-sorbed As(V) and the aqueous As(V) 298 
standard suggest that sorbed As(V) was bound as an inner-sphere complex. In addition, the 299 
sorbed As(V) spectrum is quite different from both the scorodite and symplesite spectra, 300 
suggesting that scorodite and symplesite do not precipitate in our sorption experiments. These 301 
results are further corroborated by the EXAFS data (discussed below). 302 
Similar to the sorbed As samples, the XANES spectra indicate that As(V) bonding in 303 
the coprecipitated samples is different from aqueous As or the Fe-As mineral standards, as 304 
well as from sorbed As(V). The spectra of sorbed and coprecipitated As differ in both the 305 
pre-edge region (arrow d) and the post-edge region (arrows c). We can thus distinguish 306 
between sorbed and coprecipitated As and rule out the formation of distinct As-Fe phases 307 
during coprecipitation. The lack of As-Fe mineral phases in our samples is further supported 308 
by XRD patterns of the As(V)-magnetite coprecipitate, which are similar to that of magnetite 309 
precipitated in the absence of As(V) and show no reflections indicative of symplesite or 310 
scorodite formation (Figure S1). 311 
Interestingly, the As(V)-magnetite coprecipitate samples exhibited a distinct shoulder 312 
in the pre-edge region of the XANES data (arrow d in Figure 2, dashed line in Figure S4). 313 
The position of the shoulder coincides with the white line of the As(III) standard As2O3, 314 
suggesting that partial reduction of As(V) to As(III) may have occurred (~20% As(III)/total 315 
As when interpreted by linear combination fitting,  Figure S5). A similar shoulder in the 316 
XANES data equivalent to ~12-18% As(III) was previously observed in As(V)-magnetite 317 
samples coprecipitated by the same method and was assigned to beam-induced reduction due 318 
to the presence of cellulose used to dilute the sample.20 For our measurements, however, we 319 
did not add organic material to the sample and we did not observe beam-induced evolution in 320 
our spectra. We also did not observe As(III) in the identically-mounted sorption samples, 321 
suggesting that beam-induced As(V) reduction is not the cause for the pre-edge shoulder. 322 
How As(V) might be reduced during coprecipitation from Fe(II)-Fe(III) solution is an 323 
intriguing question, particularly because neither aqueous Fe(II) nor magnetite or green rust 324 
are capable of As(V) reduction.47-51 However, we only observed this feature in samples that 325 
were exposed to basic conditions (either during co-precipitation or following NaOH 326 
extraction), suggesting  that As(V) reduction by Fe(II) may only be favorable under high pH 327 
 9 
conditions and/or that a transient yet highly reactive Fe(II) phase such as Fe(OH)2 may have 328 
formed and reduced a portion of As(V) to As(III). 329 
While reduction of As(V) to As(III) is one possible explanation for the XANES pre- 330 
edge feature (arrow a in Figure 2), such features arise in the XANES of many elements for 331 
various structural reasons (review52 and references therein). It is therefore possible that the 332 
XANES feature in the co-precipitated sample could arise due to a significantly different 333 
atomic coordination resulting from the incorporation of As(V) into a mineral. A combination 334 
of the two processes, i.e. reduction of As(V) to As(III) coupled with As(III) incorporation 335 
into magnetite, is unlikely as As(III) did not incorporate into biogenic magnetite that was 336 
formed from ferrihydrite21 or during coprecipitation.53 Based on the lack of previous evidence 337 
for either As(III) incorporation into magnetite or As(V) reduction by Fe(II) containing 338 
minerals, we suspect that the pre-edge shoulder in the XANES spectrum of As(V)-magnetite 339 
coprecipitates is more likely to be due to As(V) incorporation into the magnetite structure 340 
rather than As(V) reduction. Future work involving measurements of a broader standards 341 
dataset and ab initio modeling of both the XANES features and the energetics of the system 342 
may be able to provide further evidence for the consistency of the pre-edge shoulder with 343 
As(V) incorporation, but based on our current data and analysis we cannot make a definitive 344 
conclusion regarding the origin of the pre-edge XANES feature. 345 
To further characterize the bonding environment of sorbed and coprecipitated As(V), 346 
we compared the Fourier transform (FT) of the EXAFS data to standards (Figure 3). All data 347 
show marked similarities in the structural features arising from the As(V) tetrahedron (main 348 
peak at R+dR = 1.25 Å, marked as ‘O’ in Figure 3), suggesting that AsO4 is a rigid unit that 349 
has the same structure and disorder regardless of whether it is in solution, sorbed at a surface, 350 
or incorporated in a mineral. In addition to the main ‘O’ peak at R+dR = 1.25 Å (As-O 351 
distance R = 1.68 Å), the spectra show similar structure in the region R+dR = 1.6 – 2.5 Å, 352 
which is mostly due to multiple scattering (MS) within the As tetrahedron.20 However, the 353 
spectra differ significantly in their second coordination or ‘Fe shell’ (Figure 3) at R+dR = 354 
2.5-3.0 Å, which provides information on how the As(V) tetrahedron is bound to the Fe 355 
mineral. Our As(V) standards delimit the range of bonding environments expected in our 356 
samples, from no interaction with magnetite (aqueous As(V)) to fully incorporated via 357 
coordination to 4 or 5 Fe atoms at a distance of 3.31-3.39 Å in a bond through a shared 358 
tetrahedral O atom (scorodite54 and symplesite55). While the aqueous As(V) standard shows 359 
little spectral contribution near R+dR = 2.8 Å, adsorbed and coprecipitated As(V) exhibit a 360 
significant peak in this region, which suggests inner-sphere complexation of As(V) in these 361 
samples. Spectra of both sorbed and coprecipitated As(V) in this spectral area rather show 362 
peaks similar to those in the scorodite and symplesite standards, which indicate the presence 363 
of As-Fe coordination and suggest inner-sphere complexation of As(V) to mineral Fe-O sites. 364 
The average As-Fe distance in the adsorbed and coprecipitated sample however appears 365 
larger than that in the scorodite standard (Figure 3, arrow). 366 
The qualitative observations above were quantified in shell-by-shell fits of the EXAFS data 367 
using a two-shell model (O and Fe) that includes multiple-scattering contributions within the 368 
As(V) tetrahedron. The structural results from the fits are shown in Table 1 and the fit quality 369 
is illustrated in Figure S6. We can use the As-Fe distances determined in our samples to infer 370 
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the mechanism of As(V) association with the solids. For example, As(V) sorbed to an Fe oxide 371 
surface in a 2C complex and As(V) in the scorodite structure both result in As-Fe distances of 372 
R = 3.36-3.38 Å.56 The derived As-Fe distance for magnetite-sorbed As(V) of 3.38 Å (Table 373 
1) is consistent with binding in the proposed 2C complex56, whereas the peak for the 374 
coprecipitate sample corresponds to a significantly longer As-Fe distance of 3.44 Å (Table 1). 375 
The longer As-Fe binding distance in our coprecipitate samples is closer to the Fe-Fe distance 376 
between tetrahedral and octahedral Fe in magnetite (3.47-3.49 Å57) and thus consistent with As 377 
substituted in the tetrahedral sites of magnetite in the coprecipitates. This interpretation is in 378 
agreement with previous analyses of XAS observations of magnetite-As coprecipitates 379 
synthesized by the same method.20 Additionally, the distance mismatch between the tetrahedral 380 
Fe-O bonds in magnetite (1.88 Å) and the As-O bonds (1.68 Å) in an AsO4 incorporation 381 
scenario can be compensated by local distortions in the Fe octahedra (Figure S7). The 382 
combined EXAFS evidence supports the NaOH extraction results indicating that the majority 383 
of As became incorporated during coprecipitation with magnetite, whereas As remained at the 384 
magnetite surface in our sorption experiments. 385 
 386 
Redistribution of As in magnetite over time.  Of interest beyond the initial 387 
incorporation of As(V) into mineral structures during their formation is the long term stability 388 
of As incorporated in magnetite. To determine whether incorporated As(V) redistributed 389 
from the magnetite structure to a sorbed, extractable phase on the magnetite surface over 390 
time, we used NaOH extractions as well as XAS to directly probe changes in As binding over 391 
time. 392 
NaOH extractions revealed little change in the sorbed and incorporated As amounts 393 
over time in the coprecipitated magnetite samples, suggesting that arsenic was not 394 
redistributing between the magnetite surface and bulk structure (Figure 4A and Table S3).  395 
A small, but measurable increase in residual, or incorporated As(V) was observed for As(V) 396 
initially sorbed on magnetite. Over about 4 months, the amount of As in the magnetite 397 
structure increased from 3±0% to 13±1% (Figure 4B and Table S3). The observed increase 398 
in incorporated As(V) was accompanied by a decrease in sorbed As(V), suggesting that some 399 
of the sorbed As(V) became incorporated As over time. The overall As recovery in these 400 
experiments was about 90% (Table S3). 401 
To directly measure whether structural changes in the As binding environment 402 
occurred over time, we collected XAS data on magnetite-sorbed As(V) reacted between 2 403 
days and one month. The FT of the EXAFS data show an increase in both the amplitude of 404 
the Fe-shell peak (Figure 5) and the As-Fe distance with increasing reaction time (Figure 405 
S8). Structural modeling of the EXAFS data further suggests that longer reaction times result 406 
in an increase in Fe coordination number, which approaches the coordination number 407 
determined in the coprecipitate sample (Table 1, Figure 6B). The observed gradual change 408 
indicates a transition from an As coordination environment consistent with inner-sphere 409 
adsorption of As(V) at a reaction time of 30 minutes to a coordination environment 410 
increasingly similar to As(V) substituted into the magnetite structure after 3.5 to 28 days of 411 
reaction. The As-Fe distance also increased with reaction time, reached the largest value in 412 
the coprecipitation sample, and approached the Fe-Fe distance between tetrahedral and 413 
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octahedral Fe in magnetite (Figure 6A). The observed trends suggests that, over time, As(V) 414 
is being incorporated into the magnetite structure and into a similar binding environment as 415 
in the As-magnetite coprecipitate. 416 
To estimate the extent of redistribution from sorbed to incorporated As species over 417 
time we performed linear combination (LC) fits of the EXAFS data from the 3.5 d and 28 d 418 
samples using the 30 minutes sorption and the coprecipitation samples as endmembers. The 419 
analysis showed that a relatively small contribution of the coprecipitation sample spectrum 420 
was needed to fit the spectrum, namely 5% and 8% in the 3.5 d and 28 d magnetite samples 421 
spectra, respectively (Figure S9). This fraction of the coprecipitate spectrum accounts for the 422 
observed increase over time in the signal from the Fe shell (Figure S8). Given that a 423 
significant Fe signal is already present in the 30 minute sorption endmember, it is possible 424 
that the transformation from sorbed/labile to incorporated/stable As(V) species occurs with 425 
minimal change in the near-neighbor atomic coordination to which EXAFS is sensitive. 426 
How sorbed As became increasingly incorporated into magnetite over time is an 427 
intriguing question. One possible mechanism is solid-state diffusion of As(V) into the 428 
magnetite structure, in analogy to diffusion of Fe(II) in magnetite, which has been 429 
hypothesized to contribute to the dynamic exchange between aqueous and solid phase Fe 430 
atoms in magnetite.23 An alternative explanation is that Fe(II)-catalyzed recrystallization of 431 
magnetite or magnetite dissolution-reprecipitation enabled As incorporation, similar to 432 
previously reported incorporation of trace elements during recrystallization of goethite and 433 
hematite.16, 17 To explore the role of aqueous Fe(II) for As redistribution over time, we 434 
conducted time-dependent experiments with sorbed and coprecipitated As(V) in the presence 435 
of 0.8-1.3 mM aqueous Fe(II) (range of final concentrations) and compared to our Fe(II)-free 436 
observations. Note that even in the Fe(II)-free reactors, we measured final aqueous Fe(II) 437 
concentrations of 0.1-0.2 mM, suggesting that a small portion of structural Fe(II) was 438 
released from the magnetite.  439 
Similar to the Fe(II)-free reactors, we observed no measurable redistribution of As in 440 
the coprecipitate samples exposed to Fe(II) over the time frame of about four months (Figure 441 
4A, Table S3). Initially sorbed As(V) was, however, again redistributed and became 442 
increasingly incorporated during the experiments with added aqueous Fe(II), reaching, within 443 
experimental error, similar intermediate and final extents of As incorporation as in the Fe(II)- 444 
free experiments (15% vs 13%, respectively after four months, Figure 4B). The striking 445 
similarities of our findings for As redistribution in the absence and presence of added 446 
aqueous Fe(II) suggest that aqueous Fe(II) had, overall, a minor effect on As redistribution 447 
for both coprecipitated and sorbed As(V). 448 
The complete absence of As redistribution in the coprecipitate samples is in contrast 449 
to the reported release of incorporated metal ions, such as Co, Zn, Ni, Mn, and Cu from 450 
magnetite, goethite, and hematite in the presence of Fe(II).14, 15, 23 The observed metal release 451 
was suggested to be related to the simultaneously occurring Fe(II)-catalyzed recrystallization 452 
of the Fe oxides and we thus monitored Fe atom exchange between magnetite and aqueous 453 
Fe(II) during our incorporation experiments using the enriched tracer approach.23, 46 We 454 
observed only limited Fe atom exchange for As-coprecipitated magnetite (10-17 %, Table 455 
S5), which is consistent with extents of Fe atom exchange reported previously (9 %, data in 456 
 12 
Table 2 of Gorski et al.23 was re-evaluated with equations in Handler et al.24) and supports the 457 
finding of negligible As redistribution. Our observation of similarly limited Fe atom 458 
exchange for As-free and As-coprecipitated magnetite also suggests that the small extent of 459 
Fe atom exchange in As-magnetite coprecipitates was not caused by structurally incorporated 460 
As. In addition, release of Co from Co-containing magnetite under nominally identical 461 
experimental conditions as applied in our study only amounted to 10%, which would fall 462 
within the uncertainty of the As measurements (Table S3, Figure 4A) and would thus be 463 
non-detectable. 464 
Similarly, we explored whether Fe(II)-catalyzed recrystallization of magnetite could 465 
play a role for the redistribution from sorbed to incorporated As. However, the low extents of 466 
Fe atom exchange of 10-11% during our redistribution experiments, both in the absence and 467 
presence of sorbed As(V) (Table S5), indicate that only a few outer atom layers of magnetite 468 
undergo Fe(II)-induced recrystallization. We therefore suggest that Fe(II)-catalyzed 469 
recrystallization of magnetite contributed only to a small extent to the observed redistribution 470 
of sorbed As(V). 471 
The EXAFS data of sorbed As(V) in the presence of aqueous Fe(II) indicate no 472 
significant differences in the As(V) binding environment relative to the Fe(II)-free samples 473 
(Figure S10), in agreement with the negligible differences in As speciation as determined by 474 
NaOH extraction. Analysis of the EXAFS data showed that the As-Fe distance was almost 475 
identical in samples with and without added Fe(II) (Figure 6A). Similarly, the number of Fe 476 
coordination partners remains at a low value indicative of sorbed As(V) in the presence of 477 
aqueous Fe(II) over 7 days (Figure 6B). The combined spectroscopic evidence suggests that 478 
added Fe(II) had a negligible effect on the redistribution of As(V) in magnetite. 479 
Because the reactors used for XAS analysis contained higher magnetite and aqueous 480 
As concentrations, with the latter at or above magnetite surface saturation (Figure S11), we 481 
subjected samples prepared under experimental conditions identical to XAS experiments to 482 
NaOH extraction. In agreement with negligible As incorporation detected by EXAFS, the 483 
extraction data also showed that only 2-3% of the added As became incorporated in the 484 
presence of aqueous Fe(II) (Table S4). At these high surface loadings (Figure S11), we 485 
observed a slight decrease in the extent of Fe atom exchange from 10-11% in the absence of 486 
As(V) to 4% (Table S5), suggesting that very high aqueous As(V) concentrations might 487 
negatively impact Fe atom exchange and redistribution of sorbed to incorporated As. 488 
Although the wet chemical and XAS data agree on the limited incorporation of initially 489 
sorbed As(V) in the presence of aqueous Fe(II), they do not provide a conclusive explanation 490 
for the increased and temporal increasing redistribution of sorbed to incorporated As in the 491 
absence of aqueous Fe(II). 492 
 493 
Environmental Implications 494 
We demonstrated that a high proportion of dissolved As(V) can become incorporated 495 
into the magnetite structure during coprecipitation. Once bound within the structure of 496 
magnetite, this As(V) was not be remobilized easily as sorbed or aqueous As in the presence 497 
of aqueous Fe(II), which is an abundant natural reductant. Our finding of limited As (re- 498 
)mobilization from As-magnetite coprecipitates is presumably due to the limited extent of 499 
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magnetite recrystallization. These findings have significant implications for As mobility in 500 
natural systems and during human-induced redox cycling of groundwater such as aquifer 501 
storage and recovery,58, 59 where natural or induced redox cycling may yield significant 502 
quantities of mixed-valent Fe oxides. Furthermore, some iron oxide-based point-of-use As 503 
removal systems sequester and stabilize As predominantly in magnetite phases,10 and the 504 
demonstrated absence of As mobilization from magnetite coprecipitates provides a potential 505 
mechanism in support of previous reports that the spent, As-enriched filter material can be 506 
safely disposed8, which has been a matter of debate.60 507 
While our wet chemical extraction data provides compelling evidence for tightly 508 
bound As in the magnetite structure, our XANES data is inconclusive as to whether only 509 
As(V) was incorporated during its coprecipitation with magnetite or whether As(III) may 510 
have been formed during this process. If the XANES pre-edge feature arises mainly due to a 511 
structural effect from incorporated As(V), current interpretations of XANES spectra of field 512 
or laboratory samples proposing the detection of mineral-bound As(III) might require 513 
reassessment. For example, the XANES-based identification of As(III) in As removal units61 514 
could be a misinterpretation of structural effects caused by magnetite-incorporated As(V) 515 
rather than evidence for As(V) reduction during coprecipitation from Fe(II)- and Fe(III)- 516 
containing solution and/or the incorporation of incompletely oxidized aqueous As(III). We 517 
therefore propose that coprecipitates of As(V) (or other elements) with the target minerals 518 
should be included as reference materials for XAS analysis and/or complementary techniques 519 
should be used to confirm the element’s valence state. If, however, structural As(III) was 520 
indeed formed and incorporated into magnetite or a similar solid phase preferentially 521 
stabilized As(III), complete oxidation of As(III) to As(V) is not, as commonly suggested, a 522 
prerequisite for efficient As removal from the aqueous phase.62 Confirming the formation of 523 
As(III) could open a new path for designing effective engineered systems for the removal of 524 
the more mobile As(III) species. 525 
In contrast to the significant incorporation of divalent metal cations into the structure 526 
of many Fe oxides,16, 17 the extent of redistribution of sorbed As(V) to incorporated into the 527 
magnetite structure was limited. The final amount of incorporated As(V) via redistribution 528 
was much lower than the amount of As incorporated during coprecipitation (13-15% and 64- 529 
68%, respectively), indicating that coprecipitation sequesters As more effectively and 530 
efficiently than sorption followed by redistribution. Because we observed similar amounts of 531 
As(V) incorporation in both the absence and presence of aqueous Fe(II), as well as a low 532 
extent of Fe(II)-catalyzed recrystallization of magnetite, Fe(II)-catalyzed recrystallization is 533 
most likely not a major driver of As(V) sequestration (or redistribution) in the environment.  534 
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Table 1. Structural modeling of the EXAFS data. 2 
 3 
Shell N R(Å) σ2 (Å2) ΔE(eV)c DF R-factor  
Aqueous AsV 
O 4.0 a 1.69 ± 0.01 0.0032 ± 0.0005 -0.4 ± 0.9 9 0.004  
Scorodite 
O 4.0 a 1.69 ± 0.01 0.0022 ± 0.0002 0.5 ± 0.6 8 0.003  
Fe 4.0 a 3.35 ± 0.02 0.0063 ± 0.001     
AsV + magnetite, adsorption, 30 min 
O 4.0 a 1.70 ± 0.01 0.0022 ± 0.0002 0.3 ± 0.7 8 0.003  
Fe 1.2 ± 0.3 3.38 ± 0.01 0.0063b     
AsV + magnetite, adsorption, 3.5 days 
O 4.0 a 1.70 ± 0.01 0.0023 ± 0.0002 0.4 ± 0.5 8 0.002  
Fe 1.7 ± 0.2 3.39 ± 0.01 0.0063b     
AsV + magnetite, adsorption, 4 weeks 
O 4.0 a 1.70 ± 0.01 0.0023 ± 0.0002 0.6 ± 0.8 8 0.004  
Fe 2.0 ± 0.3 3.40 ± 0.01 0.0063b     
AsV + magnetite, coprecipitation 
O 4.0 a 1.70 ± 0.01 0.0032 ± 0.0004 -0.4 ± 0.8 8 0.007  
Fe 3.1 ± 0.4 3.43 ± 0.01 0.0063b     
        
N, R, and s2 are coordination number, radial distance, and Debye-Waller factor, respectively, 4 
for each path used in the fit. DE is the energy shift relative to the calculated Fermi level. DF = 5 
degrees of freedom in the fit, i.e. the difference between the number of independent data 6 
points and the number of fit parameters. The R-factor is the fractional misfit of the data 7 
relative to its amplitude, a goodness-of-fit indicator. More details on these fit parameters can 8 
be found in FEFFIT’s documentation.41  9 
a Held fixed to the O coordination number in the AsV tetrahedron or to the As-Fe coordination 10 
number in scorodite. 11 
b Held fixed to the value shown, which is the value obtained when the scorodite standard is fit 12 
without constraints on the Debye-Waller factor.  13 
c The ΔE for the O and Fe paths were both refined but constrained to be equal. 14 
  15 
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Figure 1. As recovered from magnetite with sorbed As(V) (30 minutes) and As(V)-magnetite 3 
coprecipitates in the NaOH extraction step and subsequent total dissolution. In both 4 
experiments, the molar As:Fe ratio was 0.0005 and the overall total As recovery was ≥99%. 5 
(Similar results were obtained for a molar As:Fe ratio of 0.099, see Figure S2) 6 
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Figure 2. Comparisons of the As K-edge XANES spectra from the adsorption and co- 4 
precipitation magnetite reactors (lines) to As(III) and As(V) standards (symbols). Magnetite 5 
with sorbed As(V) and As(V)-magnetite coprecipitate (As:Fe mole ratio of 0.007) samples 6 
are shown before and after extraction with NaOH. The arrows indicate spectral features that 7 
are discussed in the text. 8 
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Figure 3. Fourier transform of the k2-weighed As K-edge EXAFS data of sorbed As(V) and 3 
magnetite coprecipitated As(V) as well as As reference materials (aqueous As(V), Fe-As 4 
phases symplesite and scorodite). The vertical dashed lines indicate the peaks corresponding 5 
to the O and Fe coordination shells in scorodite. Experimental data presented as solid lines 6 
and standards as lines with symbols. (For real part of FT data, see Figure S8. 7 
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Figure 4. As(V) redistribution in magnetite in the absence (open markers) and presence (solid markers) of aqueous Fe(II). A: As(V) coprecipitated 4 
with magnetite (As:Fe mole ration of 0.0099) remains incorporated in magnetite over the time frame of the experiment, both in the presence and 5 
absence of aqueous Fe(II). B: Up to 15% of aqueous and magnetite-sorbed As(V) (initial concentration of 13.3 µM) become incorporated into the 6 
magnetite structure over 124 days of experiment, both in the presence and absence of aqueous Fe(II). Reaction conditions: 1 g/L magnetite, pH 7 
7.2 8 
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Figure 5. Fourier transform of the k2-weighed As K-edge EXAFS data of As(V) adsorbed to 4 
magnetite. The vertical dashed lines indicate the peaks corresponding to the O and Fe 5 
coordination shells. The data show an evolution from an As coordination environment 6 
consistent with inner-sphere adsorption of As(V) at a reaction time of 30 minutes to a 7 
coordination environment increasingly similar to As(V) substituted into the magnetite 8 
structure after 3.5 days and 4 weeks of reaction.  (For real part of FT data, see Figure S8.) 9 
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Figure 6. Structural modeling of the EXAFS data from sorbed As(V) in the absence and presence of aqueous Fe(II) and As(V)-magnetite 5 
coprecipitate. A: Refined As-Fe distances, which are compared to the As-Fe distance in scorodite and the Fe-Fe distance between tetrahedral and 6 
octahedral Fe in magnetite57. B: As-Fe coordination numbers resulting from the shell-by-shell fit of the data. 7 
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Methods 
 
Calculation of the extent of Fe atom exchange 
The Fe isotope composition was analyzed on the ICP-MS as described previously1-4 
and is reported as Fe isotope fraction for isotope i: !"Fe = 	 '()*+,-'()*+,.	/0 '()*+,.	/1 '()*+,.	/2 '()*+,/3        (eq 1) 
 
To quantify the extent of Fe atom exchange between magnetite and aqueous Fe(II), 
we used the mass balance approach as previously described:3,5 4567589	:;<859=95	>5	?@7ℎ;8<5 = 	BCD(FF)HI	×	( K-LM NN HI	-O-		 P	K-LM(NN)HIQ )BRHSQTQ ×	(K-LM NN HIQ 	P	 K-LMRHS-O-		 )  × 100  (eq 2) 
 
Here, !">5(UU)VW"X"	 , !">5(UU)VWY		 , and !">5ZV["X"		  are the initial fraction of isotope i in 
aqueous Fe(II), the fraction of isotope i in aqueous Fe(II) at time t, and the initial 
fraction of isotope i in magnetite, respectively. \LM(NN)HI and \ZV[Y]Y  are the moles of 
Fe(II) added to solution and the moles of Fe in magnetite in the system. The 
“system” refers to the components that have participated in exchange and are at 
equilibrium after mixing.3  
 
 3 
Table S1. Properties of magnetite used in this study (± 1 standard deviation, when given). 
 Synthesis Parameters Solid properties 
Sample ID As:Fe mole ratio 
pH Temp. (°C) Aging Time (day) As:Fe mole ratio
a BET Surface area (m2/g) Stoichiometry (x
b) Identity Confirmed by XRD? 
Magnetite 0 10-11 Room temp. 1 n.m. c 65.30 0.45 ± 0.02d Y 
As(V)-Magnetite 
Coprecipitate 0.0011 10-11 Room temp. 1 0.0005 ± 0.00001
e n.m. 0.49 ± 0.04d N 
As(V)-Magnetite 
Coprecipitate 0.0070 10-11 Room temp. 1 n.m. n.m. n.m. Y 
As(V)-Magnetite 
Coprecipitate 0.0100 10-11 Room temp. 1 0.0099 ± 0.00153
d n.m. 0.50 ± 0.03d Y 
a As:Fe mole ratio determined by dissolution in HCl. As(V) concentration was measured on ICP-MS and Fe concentration was measured spectrophotometrically by the 
phenanthroline method. 
b Magnetite Fe(II) content as defined by ! = #$(&&)()*#$(&&&)()* + #$(&&&),-*  
c Not measured. 
d Mean and one standard deviation of triplicate reactors of 15 mg magnetite dissolved in 5 M HCl. 
e Mean and one standard deviation of triplicate reactors of 10 mg magnetite dissolved in 5 M HCl.  
 
 
Table S2. Particle sizes. 
 
 
 
 
 
 
  
 Diameter (nm) 
Magnetite 11.3 (3.6) 
Magnetite + 100 µM adsorbed As(V) + Fe(II), 7 d 9.3 (3) 
As(V)-Magnetite Coprecipitate (0.0099) 8.7 (2.4) 
 4 
Table S3. NaOH extractions of As(V) from magnetite following adsorption and coprecipitation, in the presence and absence of aqueous Fe(II). 
  Initial added 
Final Aqueous NaOH extraction 
“adsorbed” 
Residual solids 
“incorporated” 
Total recovery  
  nmol nmol % nmol % nmol % nmol %  
As(V) Coprecipitates  
As:Fe mole ratio = 
0.0005 
Adsorption Control 98 0(0) 0(0) 95(11) 97(11) 3(1) 4(1) 98(12) 100(12)  
Coprecipitate 64 --- --- 18(2) 29(3) 44(5) 68(9) 64(7) 99(12)  
As:Fe mole ratio = 
0.0099 
Adsorption Control 1912 31(28) 2(1) 1778(39) 93(1) 100(2) 5(0) 1909(12) 100(1)  
Coprecipitate 2055 --- --- 524(116) 26(6) 1318(253) 64(12) 1842(368) 90(18)  
t = 32 d 2055 1(0) 0(0) 344(44) 17(2) 1472(260) 72(13) 1816 (303) 88(15)  
Coprecipitate + Fe(II)           
t = 5 d 2055 0(0) 0(0) 538(63) 26(3) 1375(67) 67(3) 1914(88) 96(5)  
t = 32 d 2055 0(0) 0(0) 308(30) 15(1) 1540(150) 75(8) 1847(189) 90(9)  
t = 123 d 2055 0(0) 0(0) 352(75) 17(4) 1155(214) 56(10) 1507(279) 73(14)  
          
Adsorbed As(V)            
As(V) concentration = 
13.3 µM 
Adsorbed As(V)           
t = 2 d 200 8(15) 4(7) 165(12) 83(6) 5(1) 3(0) 182(2) 91(1)  
t = 34 d 200 0(0) 0(0) 168(8) 84(4) 13(1) 7(0) 182(8) 91(4)  
t = 124 d 200 0(0) 0(0) 156(3) 78(1) 25(1) 13(1) 182(3) 91(1)  
            
 Adsorbed As(V) + Fe(II)           
t = 2 d 200 0(0) 0(0) 165(5) 83(2) 7(1) 4(1) 179(4) 89(2)  
t = 18 d 200 0(0) 0(0) 146(7) 73(4) 27(4) 14(2) 173(11) 87(6)  
t = 34 d 200 0(0) 0(0) 160(6) 80(3) 28(15) 14(7) 187(20) 94(10)  
t = 124 d 200 0(0) 0(0) 139(3) 69(1) 31(1) 15(1) 170(3) 85(2)  
 5 
Table S4. NaOH extractions of As(V) from magnetite following adsorption under experimental conditions identical to sample 
preparation for XAS analysis. Experimental conditions: 10 g L-1 magnetite, 1 mM Fe(II), in 15 mL 50 mM MOPS at pH 7.2  
  
Initial 
added 
Final Aqueous NaOH extraction 
“adsorbed” 
Residual solids 
“incorporated” 
Total recovery 
  nmol nmol % nmol % nmol % nmol % 
 Adsorbed As(V) + Fe(II) 
As(V) concentration = 
2933 µM 
t = 0 d (30 min, no Fe(II) present) 46,387 13,601 (267) 29 (1) 31,584 (638) 68 (1) 724 (26) 2 (0) 45,909 (931) 99 (2)  
t = 1 d 46,264 64 (27) 0 (0) 44,117 (952) 95 (2) 882 (15) 2 (0) 45,036 (994) 97 (2)  
 t = 7.65 d 47,073 2 (0) 0 (0) 41,865 (1,176) 89 (2) 1,604 (33) 3 (0) 43,472 (1,209) 92 (3)  
 
 
 6 
Table S5. Extent of Fe(II)-catalyzed Fe atom exchange in magnetite, magnetite with sorbed As(V) and As(V)-coprecipitated 
magnetite. Experiments were conducted with 1 gL-1 magnetite in 50 mM MOPS at pH 7.2. 
  Aqueous Fe(II)  Residual Solid TOTAL  
 Time (day) 
Fe(II) 
(µmol) % 
57Fe % 54Fe % Ex. (57Fe) 
% Ex. 
(54Fe)  Fe (µmol) % 
57Fe % 54Fe % Ex. (57Fe) % Ex. (
54Fe) % Fe Recovery pH 
N
o 
A
s(
V
) 0 14.5 (0.2) 90.4 (1) 0.5 (0.1) 0 (0.1) 0 (0.1)  213 (23) 2.4 (0.1) 5.1 (0.1) 0 (0.1) 0 (1.2) 109 (11) --- 
0.01 14.5 (0.3) 62.6 (11.3) 1.9 (0.6) 3.9 (2.4) 3.4 (2.2)  184 (54) 4.6 (0.4) 4.9 (0.1) 4 (1.6) 5.8 (4.2) 95 (26) 7.27 (0.03) 
4.78 12.7 (0.4) 40.3 (5.3) 3 (0.2) 10.5 (2.4) 9.2 (1.8)  204 (31) 6.6 (0.2) 4.7 (0.1) 11.4 (1.5) 16.6 (5.8) 104 (15) 7.15 (0.05) 
6.91 12.7 (1.5) 42.7 (5.5) 2.9 (0.3) 9.4 (2.5) 8.6 (2.5)  228 (27) 6.5 (0.3) 4.7 (0) 10.6 (2.3) 15.6 (2.4) 115 (12) 7.16 (0.04) 
A
s(
V
) A
ds
 
13
.3
 µ
M
 0 14.2 (0.4) 82.7 (1.9) 1.1 (0.07) 0 (0.2) 0 (0.1)  213 (23) 2.4 (0.1) 5.1 (0.1) 0 (0.1) 0 (1.4) 109 (11) --- 
0.01 19.6 (2.9) 46.9 (6.8) 2.8 (0.3) 6.5 (2.4) 5.8 (1.9)  178 (3) 4.6 (0.2) 5.1 (0.1) 5.2 (0.4) -0.8 (3.5) 94 (1) 7.14 (0.11) 
4.77 15.3 (0.5) 40.2 (2.2) 3.1 (0.1) 8.7 (1) 8.3 (0.8)  187 (2) 6.3 (0.4) 4.8 (0.2) 10.3 (1.2) 12.1 (8.7) 97 (1) 7.17 (0.02) 
6.91 14.8 (0.3) 37.1 (1.7) 3.3 (0.1) 10.2 (0.9) 9.9 (0.6)  183 (9) 6.9 (0) 4.9 (0) 13 (0.6) 8 (2.2) 95 (4) 7.17 (0.05) 
A
s(
V
) A
ds
 
10
0 
µM
 0 14.6 (0.4) 90.8 (1) 0.3 (0) 0 (0.1) 0 (0.1)  213 (23) 5.1 (0.1) 5.1 (0.1) 2.6 (0) 0 (1.2) 109 (11) --- 
0.01 14.5 (0.3) 67 (3) 1.6 (0.2) 2.9 (0.6) 2.9 (0.6)  194 (12) 3.9 (0) 4.8 (0.1) 5.9 (0.3) 7.7 (2.3) 100 (6) 7.25 (0.01) 
4.77 14.2 (0.3) 47.2 (6.5) 2.6 (0.4) 7.8 (2.3) 7.1 (2.6)  187 (8) 5.6 (0.1) 4.7 (0) 12.1 (1.6) 14.4 (2.4) 97 (4) 7.17 (0.01) 
6.95 13.4 (0.5) 46.2 (5.7) 2.6 (0.3) 8 (2.2) 7.2 (1.9)  185 (30) 5.4 (0.2) 4.7 (0) 11.9 (2) 14.8 (2.2) 95 (15) 7.18 (0.02) 
A
s(
V
) A
ds
 
20
0 
µM
 0 17 (1.6) 87.3 (2) 0.5 (0.1) 0 (0.2) 0 (0.1)  213 (23) 5.1 (0.1) 5.1 (0.1) 2.7 (0.1) 0 (1.3) 110 (12) --- 
0.01 14.2 (0.1) 70 (3.9) 1.5 (0.2) 2.1 (0.6) 2 (0.5)  210 (9) 3.7 (0.1) 4.7 (0) 5.3 (0.3) 8.9 (0.6) 107 (4) 7.17 (0.01) 
5.04 13 (0.2) 60.6 (1.6) 1.9 (0.1) 3.6 (0.3) 3.5 (0.5)  177 (11) 5.2 (0.4) 4.7 (0) 8.5 (0.9) 12.1 (0.8) 91 (5) 7.14 (0.02) 
6.82 12.6 (0.2) 57.4 (3.1) 2.1 (0.2) 4.2 (0.7) 4.1 (0.7)  191 (14) 5.3 (0.1) 4.7 (0) 9.2 (0.6) 12.6 (1.5) 98 (7) 7.16 (0.02) 
A
s(
V
) C
op
pt
 
A
s:
Fe
 =
 0
.0
00
5 0 15.6 (0.2) 76 (7.1) 1.2 (0.34) 0 (0.8) 0 (0.7)  190 (16) 2.4 (0) 4.9 (0.0) 0 (0) 0 (0.3) 98 (8) --- 
0.01 18.7 (0.4) 32.1 3.4 11.4 11.2  1967 (16) 6.6 (0.2) 4.7 (0.0) 14.6 (1.1) 13.9 (3.3) 103 (7) 7.16 (0.02) 
5.33 12.6 (0.6) 27.1 (2.4) 3.6 (0.12) 15.4 (2.3) 15 (2.2)  189 (2) 8.7 (0.6) 4.6 (0.0) 26 (3.4) 24.4 (1.4) 96 (1) 7.14 (0.03) 
7.82 13.1 (0.5) 28.8 (2.7) 3.6 (0.14) 13.9 (2.1) 13.7 (2.2)  177 (3) 9 (0.1) 4.6 (0.1) 25.3 (2.1) 26.1 (5.9) 91 (1) 7.10 (0.01) 
A
s(
V
) C
op
pt
 
A
s:
Fe
 =
 0
.0
09
9 0 15.8 (0.2) 94.1 (1.1) 0.2 (0.1) 0 (0.1) 0 (0.1)  183 (41) 4.8 (0) 0 (0) 0 (0) 0 (0.6) 95 (20) --- 
0.01 13.5 (0.9) 75.3 (2.2) 1.2 (0.1) 2 (0.3) 2.1 (0.3)  183 (15) 4.8 (0.1) 3.7 (0.1) 3.7 (0.1) 3.6 (0.9) 94 (7) 7.16 (0.03) 
5.07 5.3 (0.3) 30 (2.8) 3.5 (0.2) 17.9 (2.6) 19.2 (3.2)  183 (32) 9 (0.5) 24.7 (0.8) 24.7 (0.8) 24.7 (2.9) 90 (15) 7.04 (0.01) 
6.97 5.1 (0.2) 32.1 (5.5) 3.4 (0.3) 16.6 (4.6) 17.2 (4.8)  166 (32) 9.7 (0.9) 25.4 (1.8) 25.4 (1.8) 24.2 (3.4) 82 (15) 7.03 (0.01) 
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Figure S1. Powder X-ray diffraction pattern of the magnetite and As(V)-magnetite 
coprecipitate used in this study as compared with patterns for symplesite 
(FeII3(AsO4)2⦁8(H2O)) and scorodite (FeIIIAsO4⦁2(H2O)). 
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Figure S2. As recovered from magnetite with sorbed As(V) and As(V)-magnetite 
coprecipitates in the NaOH extraction step and subsequent total dissolution. In both 
experiments, the molar As:Fe ratio was 0.0099 and the overall total As recovery was 
≥90%. 
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Figure S3. As K-edge EXAFS data of As(V) sorbed to magnetite for 30 min	before 
(red line) and after (purple symbols) extraction with NaOH. The small fraction of As(V) 
remaining on the NaOH-extracted solids is responsible for the low signal-to-noise ratio 
of the measured spectrum, which impairs further structural analysis. Qualitative 
comparisons in the lower-noise region at low k suggests similarity to the co-precipitate 
sample (blue line), particularly around 1.8 Å-1 and 6 Å-1. 
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Figure S4. First derivative of the normalized absorption spectra from samples and 
standards. Magnetite with sorbed As(V) and As(V)-magnetite coprecipitate (As:Fe 
mole ratio of 0.007) samples are shown before and after extraction with NaOH. The 
vertical dashed lines indicate spectral features that correspond to the As(III) and As(V) 
standards. 
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Figure S5. Linear combination (LC) fit of the XANES data from the As(V)-magnetite 
co-precipitation sample with As(III) and As(V) standards (data: green symbols, fit: red 
line). The fit range is shown by the dashed lines. The weighed contributions in the LC 
fit from the As(III) standard (magenta), and the As(V) standard (grey) are shown. The 
~18% contribution from the As(III) standard is able to reproduce the shoulder at the 
edge position (arrow a) and the white line amplitude suppression (arrow b). The 
inability of the LC fit to reproduce the features indicated by arrow c is due to the 
different atomic coordination of As in the co-precipitation sample relative to the 
scorodite standard used here as a valence state reference. 
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Figure S6a. Illustration of the fit quality for the EXAFS data from the aqueous As(V) 
standard. Main figure: magnitude of the Fourier Transform (FT), inset: real part of FT. 
The FT is over Δk = 2.8 - 12.1 Å-1 with 1.0 Å-1 wide Hanning window sills. The data 
are in green symbols, the fit is the red lines. The fit range is shown by the dotted lines. 
The contribution from the O shell (cyan) and the MS contribution within the AsO4 
tetrahedron (magenta) are also shown. Note that the individual contributions combine 
linearly to produce the fit line only in the real part of the FT. The numerical values and 
the constraints used in the fit are listed in Table 2. 
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Figure S6b. Illustration of the fit for the EXAFS data from the scorodite standard. Main 
figure: magnitude of the Fourier Transform (FT), inset: real part of FT. The FT is over 
Δk = 2.8 = 12.1 Å-1 with 1.0 Å-1 wide Hanning window sills. The data are in green 
symbols, the fit is the red lines. The fit range is shown by the dotted line. The numerical 
values and the constraints used in the fit are listed in Table 2. The powder XRD pattern 
verifying that the standard is scorodite is shown at the bottom. 
 
 14 
 
 
Figure S6c. Illustration of the fit quality for the EXAFS data from the As(V) + 
magnetite, adsorption, 30 min sample. Main figure: magnitude of the Fourier 
Transform (FT), inset: real part of FT. The FT is over Δk = 2.8 - 12.1 Å-1 with 1.0 Å-1 
wide Hanning window sills. The data are in green symbols, the fit is the red lines. The 
fit range is shown by the dotted lines. The individual contributions from the O shell 
(cyan), the MS paths within the AsO4 tetrahedron (magenta), and the Fe shell (black) 
are also shown. The numerical values and the constraints used in the fit are listed in 
Table 2. 
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Figure S6d. Illustration of the fit quality for the EXAFS data from the As(V) + 
magnetite, adsorption, 3.5 d sample. Main figure: magnitude of the Fourier Transform 
(FT), inset: real part of FT. The FT is over Δk = 2.8 - 12.1 Å-1 with 1.0 Å-1 wide Hanning 
window sills. The data are in green symbols, the fit is the red lines. The fit range is 
shown by the dotted lines. The individual contributions from the O shell (cyan), the MS 
paths within the AsO4 tetrahedron (magenta), and the Fe shell (black) are also shown. 
The numerical values and the constraints used in the fit are listed in Table 2. 
  
 16 
 
 
Figure S6e. Illustration of the fit quality for the EXAFS data from the As(V) + 
magnetite, adsorption, 4 weeks sample. Main figure: magnitude of the Fourier 
Transform (FT), inset: real part of FT. The FT is over Δk = 2.8 - 12.1 Å-1 with 1.0 Å-1 
wide Hanning window sills. The data are in green symbols, the fit is the red lines. The 
fit range is shown by the dotted lines. The individual contributions from the O shell 
(cyan), the MS paths within the AsO4 tetrahedron (magenta), and the Fe shell (black) 
are also shown. The numerical values and the constraints used in the fit are listed in 
Table 2. 
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Figure S6f. Illustration of the fit quality for the EXAFS data from the As(V) + magnetite, 
co-precipitation sample. Main figure: magnitude of the Fourier Transform (FT), inset: 
real part of FT. The FT is over Δk = 2.8 - 12.1 Å-1 with 1.0 Å-1 wide Hanning window 
sills. The data are in green symbols, the fit is the red lines. The fit range is shown by 
the dotted lines. The individual contributions from the O shell (cyan), the MS paths 
within the AsO4 tetrahedron (magenta), and the Fe shell (black) are also shown. The 
numerical values and the constraints used in the fit are listed in Table 2. 
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Figure S7. Arrangement of the Fe octahedra (orange) around the tetrahedral Fe site 
(green) in magnetite. Depiction based on the crystallographic data in Haavik et al. 
(reference 57 in the main text). The tetrahedral site occupies the space above the void 
in the octahedral (111) plane. The distortions required to fit the shorter-distance As(V) 
octahedron are show by red arrows. (A) View from above the (111) plane; (B) View 
along the (111) plane, with some octahedra above the plane shown; (C) View along 
the (111) plane, without additional Fe octahedral above the plane. 
  
 19 
 
 
Figure S8. Fourier transform of the k2-weighed As K-edge EXAFS data (real part) of 
sorbed As(V) and magnetite coprecipitated As(V) as well as As reference materials 
(aqueous As(V), Fe-As phases symplesite and scorodite). The vertical dashed lines 
indicate the features corresponding to the O and Fe coordination shells in scorodite. 
Experimental data presented as solid lines and standards as lines with symbols. The 
arrow indicates the increasing As-Fe distance in the sorption samples with reaction 
time. 
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Figure S9. Linear combination (LC) fits of the EXAFS data from As(V) sorbed to 
magnetite after 3.5 d (left) and 28 d (right), using the adsorption and co-precipitation 
samples as endmembers. The data are shown in blue lines, the fit is shown in red 
lines. The fit range is indicated by the dotted lines. The weighed contributions in the 
LC fit from the 30 min adsorption sample (green), and the As(V)-magnetite co-
precipitation sample (purple) are shown at the bottom. The refined proportions of the 
spectral endmembers are 5% co-precipitated standard for the 3.5 d sample and 8% 
co-precipitated standard for the 28 d sample, balance is the 30 min adsorption 
standard. These numerical values are discussed in the main text. 
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Figure S10: Left: Comparison of the k2-weighed EXAFS spectra from As(V) adsorbed 
on magnetite with and without added Fe(II) for 30 min and 3.5 d, showing that the 
same data are obtained in all reactors. Right: Real part of the Fourier transformed 
EXAFS data from the left figure compared to the aqueous As(V) standard and As(V) 
co-precipitated with magnetite. The spectra are offset vertically for clarity. The same 
color convention is used in both graphs. 
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Figure S11. As(V) adsorption isotherm on magnetite (solids loading 1 g L-1) buffered 
at pH 7.2 with 50 mM MOPS. Data from XAS reactors (10 g/L, 3092 µM initial As(V) 
concentration; from Table S4) was re-calculated to match the same solids loading by 
dividing the equilibrium aqueous As concentration by 10 (ratio of mass loadings). 
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